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R746being found in the mammalian nervous
system [18]. So, what surprises will
there be when the Simpson lab finds
the critically important neurons for the
different behavioral states, and records
from them during different grooming
modules? Will the modules be distinct,
or shared? Will the same neurons that
decide to start the grooming process
then take part in the production and
sequencing of the behaviors? I can’t
wait to find out!
References
1. Shepherd, G.M., and Grillner, S. (2010).
Handbook of Brain Microcircuits (New York:
Oxford University Press).
2. Seeds, A.M., Ravbar, P., Chung, P., Hampel, S.,
Midgley, F.M., Mensh, B.D., and Simpson, J.H.
(2014). A suppression hierarchy among
competing motor programs drives sequential
grooming in Drosophila. eLIFE, in press.
3. Jenett, A., Rubin, G.M., Ngo, T.T.,
Shepherd, D., Murphy, C., Dionne, H.,
Pfeiffer, B.D., Cavallaro, A., Hall, D., Jeter, J.,
et al. (2012). A GAL4-driver line resource for
Drosophila neurobiology. Cell Rep. 2,
991–1001.4. Bullock, D. (2004). Adaptive neural models of
queuing and timing in fluent action. Trends
Cogn. Sci. 8, 426–433.
5. Long, M.A., Jin, D.Z., and Fee, M.S. (2010).
Support for a synaptic chain model of
neuronal sequence generation. Nature 468,
394–399.
6. Houghton, G., and Hartley, T. (1995). Parallel
models of serial behaviour: Lashley Revisited.
Psyche 2, 1–25.
7. Edwards, D.H. (1991). Mutual inhibition among
neural command systems as a possible
mechanism for behavioral choice in crayfish.
J. Neurosci. 11, 1210–1223.
8. Wang, X.J. (2008). Decision-making in recurrent
neuronal circuits. Neuron 60, 215–234.
9. Fentress, J.C., and Stilwell, F.P. (1973).
Grammar of a movement sequence in inbred
mice. Nature 244, 52–53.
10. Berridge, K.C., and Whishaw, I.Q. (1992).
Cortex, striatum and cerebellum: control of
serial order in a grooming sequence. Exp. Brain
Res. 90, 275–290.
11. Aldridge, J.W., Berridge, K.C., and Rosen, A.R.
(2004). Basal ganglia neural mechanisms of
natural movement sequences. Can. J. Physiol.
Pharmacol. 82, 732–739.
12. Doya, K., and Shadlen, M.N. (2012). Decision-
making. Curr. Opin. Neurobiol. 22, 911–913.
13. Romo, R., Lemus, L., and de Lafuente, V.
(2012). Sense, memory, and decision-making in
the somatosensory cortical network. Curr.
Opin. Neurobiol. 22, 914–919.14. Griffith, L.C. (2012). Identifying behavioral
circuits in Drosophila melanogaster: moving
targets in a flying insect. Curr. Opin. Neurobiol.
22, 609–614.
15. Asahina, K., Watanabe, K., Duistermars, B.J.,
Hoopfer, E., Gonza´lez, C.R., Eyjo´lfsdo´ttir, E.A.,
Perona, P., and Anderson, D.J. (2014).
Tachykinin-expressing neurons control
male-specific aggressive arousal in Drosophila.
Cell 156, 221–235.
16. Briggman, K.L., Abarbanel, H.D.I., and
Kristan, W.B., Jr. (2005). Optical imaging of
neuronal populations during decision-making.
Science 307, 896–901.
17. Briggman, K.L., and Kristan, W.B., Jr. (2006).
Imaging dedicated and multifunctional neural
circuits generating distinct behaviors.
J. Neurosci. 26, 10925–10933.
18. Mante, V., Sussillo, D., Shenoy, K.V., and
Newsome, W.T. (2013). Context-dependent
computation by recurrent dynamics in
prefrontal cortex. Nature 503,
78–84.Section of Neurobiology, Division of
Biological Sciences, UC San Diego, La Jolla,
CA 92093-0357, USA.
E-mail: wkristan@ucsd.eduhttp://dx.doi.org/10.1016/j.cub.2014.06.071Multiciliogenesis: Multicilin Directs
Transcriptional Activation of Centriole
FormationDuring differentiation of multiciliated cells, numerous centrioles are generated
in each cell to act as templates for the formation of a corresponding number of
cilia. A new study reveals thatmulticilin, a protein required formulticiliogenesis,
is a key component of a regulatory complex that activates the transcription of
genes required for centriole formation.Fernando R. Balestra
and Pierre Go¨nczy*
Cilia are microtubule-based organelles
that project from the cell surface and
play sensory, signaling, and motile
roles [1]. Centrioles serve as a template
for the microtubule-based axoneme
that forms the ciliary backbone. While
most cells that exit the cell cycle
generate a single primary cilium,
mammalian epithelial cells of the
trachea, the brain ventricles and the
oviduct each assemble over a hundred
motile cilia that generate directional
fluid flow at the cell surface [2]. The
mechanisms dictating the formation
of such a large number of centrioles in
multiciliated cells have only recently
begun to be uncovered. In a new report
inGenes and Development, Ma et al. [3]
demonstrate that a regulatory complex
comprising multicilin, E2F4/5 and DP1activates the transcription of a gene set
involved in massive centriole assembly
in multiciliated cells of the frog skin [3].
The number of cilia or flagella in a
given cell is determined by the number
of centrioles. In dividing cells, centriole
formation is coordinatedwith cell-cycle
progression, such that a single
centriole forms next to each of the
two parental centrioles [4]. In cells that
exit the cell cycle, the older parental
centriole docks below the plasma
membrane and triggers the formation
of a cilium or a flagellum, depending
on the cell type. Generating the
correct number of cilia or flagella is
essential for proper function. Thus,
Chlamydomonas reinhardtii cells with
a single centriole, instead of the usual
two, form a single flagellum and cannot
swim properly [5]. Conversely, excess
centrioles in human cells result in
supernumerary primary cilia andconcomitant signaling defects [6].
A special type of centriole number
regulation must be exerted during
multiciliogenesis. Centriole formation
in this case relies on two pathways
(Figure 1): first, a centriole-dependent
pathway that uses existing centrioles
as platforms to assemble new ones,
and that differs from the situation in
cycling cells by the fact that more
than one centriole assembles next to
an existing one; second, a pathway
that depends on deuterosomes,
electron-opaque globular entities
without a limiting membrane that
act as platforms for de novo
assembly of several centrioles. The
deuterosome-dependent pathway has
been suggested to be the major route
of massive centriole formation during
multiciliogenesis [7,8]. Although both
pathways share many components
that are also required for centriole
assembly in cycling cells (e.g. CEP152,
PLK4 or HsSAS-6), some proteins,
such as Deup1, play a specific role in
the deuterosome-dependent pathway
[9,10]. Despite this knowledge, the
mechanisms underlying the activation
of the multiciliogenesis differentiation
program remained elusive until
recently.
Multicilin is a coil-coiled domain
protein related to the cell-cycle
regulators geminin and geminin
coiled-coil containing protein 1
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Figure 1. Transcriptional regulation of centriole assembly in multiciliated epithelial cells.
(A) Schematic representation of an epithelial cell going through the process of multiciliogene-
sis. Centriole assembly occurs through both a centriole-dependent pathway and a deuteroso-
me-dependent pathway. (B) Schematic representation of the contribution of the regulators of
centriole assembly mentioned in the text during multiciliogenesis. A decrease in Notch
signaling results in transcriptional activation of multicilin. This favors the formation of the
EDM complex (formed by multicilin, E2F4/5, and DP1), which activates the transcription
of genes required for centriole assembly. At the same time, E2F4/5 and DP1 associate with
regulators other than multicilin to inhibit the transcription of cell-cycle genes, thus ensuring
cell-cycle exit. Mutations in multicilin impair transcriptional activation for different reasons:
G335D cannot form the EDM complex, whereas R370H can form this complex but fails to
activate transcription.
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R747(GEMC1). Multicilin was identified
as a gene highly expressed in Xenopus
laevis embryonic epithelial cells
induced to undergo multiciliogenesis
via Notch inactivation [11]. Although
the role of multicilin in the
centriole-dependent pathway remains
to be clarified, ectopic expression
of multicilin clearly triggers centriole
assembly and ciliogenesis through
the deuterosome-dependent pathway
[9,11]. Based on the nature of the
mRNAs upregulated following
multicilin overexpression, it was
proposed that multicilin is a
transcriptional activator of genes
required for centriole assembly
and biogenesis of motile cilia [11].
Intriguingly, however, multicilin does
not have any known DNA-binding
domain that would suggest a direct
role as a transcription factor.
In the new study, Ma et al. [3]
hypothesized that multicilin function is
exerted via a transcriptional activation
complex and investigated the possible
interaction of multicilin with known
transcriptional regulators. In particular,
members of the E2F family were
selected as possible candidates
because some E2F proteins regulate
the transcription of cell-cycle genes
in differentiating and growth-arrested
cells [12] and because E2F4-deficient
mice suffer from defective mucociliary
clearance due to the lack of
multiciliated cells [13]. Using
coimmunoprecipitation of GFP-tagged
proteins expressed in Xenopus
embryos, Ma et al. [3] uncovered a
ternary complex formed by multicilin,
E2F4 or E2F5, and DP1, a dimerization
binding partner of E2F transcription
factors. To characterize the role
of this so-called EDM complex
in multiciliogenesis, the authors
generated a dominant-negative version
of E2F4 lacking the carboxy-terminal
region that normally mediates
association with multicilin (E2F4DCT).
Interestingly, E2F4DCT expression
inhibited the formation of multiple
cilia in the context of cognate
multiciliogenesis, as well as when
multiciliogenesis was activated
ectopically by multicilin expression,
but did not interfere with cell-cycle exit.
What is the nature of the targets
activated by the EDM complex?
To address this question, the authors
performed RNA-sequencing
experiments from embryos in which
multiciliogenesis was induced by
multicilin in the absence or thepresence of E2F4DCT. This strategy
revealed a group ofw700 genes
upregulated during multiciliogenesis
in an EDM-dependent manner.In agreement with a previous analysis
of the transcriptional profile of
differentiating multiciliated mouse cells
[14], thew700 genes were found to
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R748include most of the components that
are required for centriole assembly
in all cell types, as well as the
deuterosome-dependent pathway
component Deup1. The fact that
CEP63 — a Deup1 paralog required
for the centriole-dependent
pathway — was not present in the
group ofw700 genes raises the
possibility that multicilin specifically
regulates the deuterosome-dependent
pathway. However, the observation
that E2F4DCT completely impaired
centriole formation in multiciliated cells
indicates that both assembly pathways
somehow rely on the EDM complex [3].
Perhaps the lack of CEP63
upregulation upon multicilin
expression reflects the fact that
sufficient CEP63 is already present
in these cells before they are induced
to undergo multiciliogenesis.
The authors then performed
chromatin immunoprecipitation
followed by high-throughput
sequencing (ChIP–seq) analysis to
investigate whether the induction of
this set of genes is through a direct
interaction of the EDM complex with
promoter regions. A GFP-tagged
version of E2F4 was expressed in
skin progenitors either alone or with
multicilin, and the authors compared
the binding sites identified under these
two conditions. This revealed that
multicilin enhanced the binding of E2F4
to the promoter of genes involved in
centriole assembly and decreased
E2F4 binding to the promoter of genes
required for cell-cycle progression.
Approximately 50% of the centriole
assembly genes identified as being
overexpressed in an EDM-dependent
manner were significantly enriched
in the ChIP–seq analysis. Thus,
there is a strong correlation between
EDM-dependent transcriptional
upregulation and direct binding to the
promoter of these genes. By contrast,
E2F4 binding was decreased upon
multicilin expression at promoters of
genes encoding regulators of cell-cycle
progression, thus potentially
contributing to the maintenance of
cell-cycle exit. How the EDM complex
specifically binds to and activates
centriole assembly genes and not
other targets of E2F4 remains to be
determined. Regardless, these data are
consistent with the idea that multicilin
regulates the binding of E2F4–DP1
to a significant group of centriolar
assembly genes, thus promoting
their transcription (Figure 1).Interestingly, the gene encoding
Xenopus multicilin is located in a
chromosomal region that is syntenic to
mammals. In both cases, the multicilin
gene is flanked by the gene CCNO,
which encodes a cyclin-like protein,
and by the gene CDC20B, which
contains miRNAs of the miR-34/449
family. These miRNAs are highly
expressed in multiciliated epithelia
and are important for multiciliogenesis
by targeting and thus downregulating
the multiciliogenesis inhibitors Notch
and CP110 [15,16]. Remarkably,
mice lacking miR-34/449 develop
respiratory dysfunction symptoms
caused by defective mucociliary
clearance [16]. Just like multicilin,
CCNO was identified as being
highly expressed in Xenopus
multiciliated epidermal cells [11];
moreover, CCNO is mutated in patients
that develop congenital mucociliary
clearance disorder [17]. CCNO
acts downstream of multicilin
because its depletion suppresses
ectopic multicilin-dependent centriolar
assembly [17]. Mutations in multicilin
have also been identified in patients
with a congenital mucociliary disorder
that have a reduced number of motile
cilia [18]. Ma et al. [3] characterized two
of these mutants biochemically. One
mutant, G335D, cannot form a complex
with E2F4 and DP1 and is thus unable
to activate transcription of centriole
assembly genes. The authors found
that the second mutant, R370H, can
form the EDM complex. Why, then, is it
not functional? The authors performed
an elegant experiment to address
this question, whereby they rescued
the R370H phenotype by providing
a modified version of E2F4 fused
to a potent activation domain.
This result demonstrates that an
R370H-containing EDM complex is
defective in transcriptional activation
and indicates that EDM complex
assembly is necessary but not
sufficient for the upregulation of
centriole assembly genes (Figure 1).
In this new work, Ma et al. [3] have
provided important answers to the
question of how centriole assembly is
regulated at the transcriptional level
during multiciliogenesis. However, as
suggested by the authors themselves,
the overall picture is likely to be
more complex, with regulation
occurring at both transcriptional
and post-transcriptional levels. The
process of multiciliogenesis involves
several steps, including centrioleassembly, centriole docking to
the plasma membrane, and cilium
assembly. Some components might
act as positive regulators of some
steps and as negative regulators of
others, as exemplified by CP110, which
is a positive regulator of centriole
assembly [19] and a negative regulator
of ciliogenesis [20]. Interestingly,
CP110 is one of the genes whose
transcription is induced by the EDM
complex [3]. However, later in the
differentiation program, miR-34/449
post-transcriptionally repressesCP110
to allow cilia assembly [16]. Further
investigations into how multicilin
and other components regulate
transcriptional and post-transcriptional
regulatory steps will undoubtedly help
to complete the interesting picture of
multiciliogenesis.References
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Differentiation by Personality
in Spider GroupsIn social animals, group efficiency is often assumed to increase with task
differentiation, but this requires that individuals are better than generalists
at the task they specialize in. A new study finds that individual Anelosimus
studiosus spiders do predominantly perform the task they excel at, in line
with their individual personality type, when they are placed in groups.Lena Grinsted*
and Jonathan P. Bacon
Did you think that all spiders are
ferocious predators, which attack any
other spider or bug they come across?
Well, think again. Sure, it is true that
many spiders will eat their own
offspring if they get in the way, and yes,
some females will happily snack on
their partners during mating. But
some spiders form cooperative
communities where they live peacefully
side by side [1]. Darwin himself
expressed surprise when he came
across a group-living spider in 1832
(Parawixia bistriata) [2]. One spider that
facultatively forms small groups is
Anelosimus studiosus. Within an
Anelosimus studiosus group some
females show an aggressive
personality type and participate more
in colony defense and prey capture,
while others are docile and engage
more in brood care [3]. Experimental
groups containing a mix of these two
different personalities outperform
groups of only one personality type,
using egg-case weight as a proxy for
fitness [4]. An elegant new study by
Colin M. Wright and colleagues [5] has
found the reason why. Aggressive
females are simply more efficient
at foraging, web construction and
defense, while docile females excel atraising the young. Hence, when groups
contain a mix of both types, emergent
task differentiation increases overall
group performance benefitting all
group members.
Consider a leafcutter ant nest. Some
worker ants are tiny, while others are
huge. It is easy to imagine how an ant
colony can benefit from this extreme
polymorphism; tiny workers will
efficiently feed and clean the fungus
gardens, while large soldiers with
gigantic mandibles are superior at
defending the nest against larger
predators [6]. Task specialization
accompanied by polymorphism leads
to more efficient and successful
groups. Why task differentiation would
be beneficial within societies of
cooperative breeders that lack
morphological castes, such as the
social spiders, birds and mammals, is
harder to imagine. For example, why do
helpers in the cooperatively breeding
noisy miner, Manorina melanocephala,
often specialize in either chick
provisioning or mobbing nest
predators, rather than participating
equally in all tasks [7]? Individuals
within these types of social groups
are all morphologically capable of
performing any task. So why do some
group members engage in riskier
activities, such as colony defense,
more than others?Perhaps some individuals are just
inherently better than others at certain
tasks, or they become better over time
with more practice [8]. If, at the same
time, other group members are, or
become better at other tasks, and
individuals mostly perform the tasks
they are good at, each group member
may gain the benefits of improved
group efficiency. For example, in the
cooperatively breeding cichlid fish
Neolamprologus pulcher, task
participation varies with body size
and age, perhaps because smaller
fish are better at defending the nest
while larger fish are better at removing
sand from the nest [9]. However,
the assumption that task participation
actually correlates with individual
task performance in non-polymorphic
social animals has rarely been proven.
Social spiders provide a good
example of highly cooperative
societies in which female group
members are non-polymorphic and
yet show reproductive skew and task
differentiation within groups [10,11].
Only about 25 species bear the title
‘social’ out of almost 45,000 spider
species described [12]. These are
cooperative breeders that live in
extremely inbred societies. In the
evolution of permanent sociality from
subsociality, a pre-mating dispersal
stage has been lost, leaving brothers
and sisters to mate generation after
generation (within-group relatedness:
r > 0.5 [13]). Subsocial species, such
as A. studiosus, show cooperation at
the juvenile stage, after which siblings
disperse to breed alone, maintaining
an outbred mating system [1]. The new
findings by Wright et al. [5] showing
that A. studiosus specialize on tasks
they are efficient at when placed in
groups may be key to understanding
why social spiders show individual
behavioral variation.
